A personal nanoparticle sampler (PENS) that simultaneously collects respirable particles (< 4 μm) and nanoparticles (< 0.1 μm) has recently been developed and calibrated in the laboratory. This study aims to evaluate the performance of the PENS in the workplace, and to determine the exposure characteristics during selected metalworking operations. Metal polishing/buffing, spot welding, and milling operations were selected to represent sources of solid metal particles, fume aggregates and metalworking fluid mists, respectively. In each operation, personal samples of a side-by-side PENS and SKC respirable dust aluminum cyclone were taken concurrently with ambient particle number size distribution measurements. The PENS-measured respirable particle mass concentrations (PM 4 ) showed remarkable accuracy with respect to the reference SKC cyclone, regardless of particle type. The PENS-derived nanoparticle effective densities agreed reasonably well with the bulk densities expected for the substrate and materials in use. During the metalworking operations, the nanoparticle mass concentrations (PM 0.1 ) were poorly associated with the PM 4 but strongly correlated with the ambient nanoparticle number concentrations (PN 0.1 ), due to the persistent, elevated levels of nanoparticles formed during the operations. Overall, these results suggest that the PENS is applicable for use in the workplace to assess respirable and nanoparticle personal exposure, and that metal polishing/buffing, welding and milling generate a considerable amount of nanoparticles.
INTRODUCTION
Airborne nanoparticles or ultrafine particles are those with one dimension or diameters smaller than < 0.1 μm. Growing evidence has shown that airborne nanoparticles are harmful to human health and potentially more potent than larger particles (Donaldson et al., 2005; Xia et al., 2009) . This is because their small sizes allow them to penetrate the respiratory tract and deposit deeply in the alveolar region (ICRP, 1994) . In addition, their large surface-to-volume ratio provides more active sites for potential adverse health reactions (Nel, 2006) . Although ultrafine particles have been studied for several decades, the recent exploding development and application of engineered nanoparticles in numerous fields have attracted increasing attention from not only the scientific community but also the general public. A central question surrounded by such attention or concerns is the health risk and safety of nanoparticles throughout their life cycle. To address this question, the hazard and exposure potentials need to be determined, between which the latter is the focus of this study.
According to their origin, nanoparticles can be emitted incidentally as a by-product of human activities or produced intentionally in a controlled environment as a specific material, device and product. The former is referred to as incidental nanoparticles and typical involves high temperature processes such as internal engine combustion and many industrial operations (Vincent and Clement, 2000) . Diesel engine exhaust Young et al., 2012) , welding (Lehnert et al., 2012; Zimmer et al., 2012) , smelting (Evans et al., 2008) , foundry operations (Cheng et al., 2008) , high-speed grinding (Zimmer and Maynard, 2002) and la ser cutting (Elihn and Berg, 2009 ) produce high number concentrations of airborne nanoparticles. The latter is referred to as engineered nanoparticles and is specifically related to the application of nanomaterials in the nanotechnology industry or laboratory. Brouwer (2010) and Kuhlbusch et al. (2011) showed that release of engineered nanoparticles could occur during production, handling, bagging and processing; however, these nanoparticles are mostly in the form of agglomerates > 0.1 μm (e.g., Yang et al., 2012) and oftentimes are difficult to differentiate from background aerosols. And such difficulty arises especially with nonselective particle number measurement techniques. Evans et al. (2010) have shown that particle mass is the most practical monitoring metric for handling of carbon nanofiber, whereas particle number is often influenced by other nanoparticle sources. The aggregate form of nanoparticles, on the other hand, draws criticism on the arbitrary nature of limiting nanoparticle exposure to those with diameters less than 0.1 μm. In either case of incidental or engineered nanoparticles, it is clear that the workers are of highest exposure and hence health risk due to their frequent presence in close proximity to nanoparticle emission sources. As a result, the exposure assessment of nanoparticles plays a crucial role in developing strategies for risk reduction.
The most common dose or exposure metrics of nanoparticles include number, surface area and mass. The former two, in particular, are considered to be of more biological relevance than the mass. In search of the dose metric most relevant to lung inflammation, Wittmaack (2006) illustrated that particle number is a better dose metric than joint length (i.e., the product of particle number and mean size), active and geometric surface area. On the other hand, Oberdörster et al. (2005b) showed that particle surface area is a more appropriate dose metric for particles of different sizes but of the same chemistry. Yet, both studies acknowledged the importance of taking the surface toxicity into account in finding the best dose metric. In this regard, particle mass may not be an appropriate surrogate for surface area and toxicity because a few number of large particles can dominant the mass but contribute little to the surface area. However, the National Institute for Occupational Safety and Health (NIOSH) and other studies have recently proposed a number of mass-based occupational exposure limits (OELs) for carbon nanotube and nanofiber, TiO 2 and fullerene (Kuempel et al., 2012; and references therein) . This is because the toxicity and risk assessment studies were mostly conducted on a mass basis. It is important to note that an exposure metric relevant to a specific type of nanoparticles may not be applicable to another (Maynard and Aitken, 2007) . Therefore, it has been recommended that all three particle metrics be determined or derived for assessing the health risk and exposure (Oberdörster et al., 2005a; HSE, 2006) .
Although largely in common, exposure assessment techniques and strategies for incidental nanoparticles have been summarized by Brouwer et al. (2004) and Chow and Watson (2007) , whereas those for engineered nanoparticle by Maynard and Aitken (2007) and Kuhlbusch et al. (2011) . As shown in those reviews, exposure assessment of nanoparticles thus far has focused mostly on the particle number and mass/composition, whereas measurements of particle surface area are still sparse (Brouwer et al., 2004; Brouwer, 2010) . In particular, the incidental nanoparticles in the metalworking industry are the focus of this study. Previous studies have shown that many metal preparation, product fabrication and finishing operations produce high number concentrations of nanoparticles exceeding 10 4 -10 5 cm -3 , compared to background levels of 10 3 -10 4 cm -3
. The observed mass concentrations of particles with sizes less than 10 μm (PM 10 ), 4 μm (PM 4 ) and 1 μm (PM 1 ) are in the range of 50-1130 μg/m 3 , 10-120 μg/m 3 , 15-196 μg/m 3 , respectively. Examples include smelting, melting, pouring, molding, shakeout and fettling in iron foundry (Cheng et al., 2008; Evans et al., 2008; Elihn and Berg, 2009) , and welding, soldering, laser cutting, plasma spraying and highspeed grinding and machining in metalworking plants (Zimmer and Biswas, 2001; Wake et al., 2002; Zimmer and Maynard, 2002; Peters et al., 2006; Demou et al., 2009 ).
In the above cited field studies, most of the aerosol instruments are rather bulky and thus their applications are limited to fixed-position monitoring (also known as area, stationary or environmental monitoring). In addition, the nanoparticle exposure metrics reported in previous studies are limited to number and surface area, and none measured the mass concentrations of particles with sizes less than 0.1 μm (PM 0.1 ). More importantly, ambient nanoparticle concentrations may differ from that presumably inhaled by the workers. The potential inadequacy of fixed-position monitoring for determining worker exposures has been well documented by NIOSH (1977) . As a result, personal sampling is the recommended approach to obtaining respresentativerepresentative exposure estimate of the workers. Not until recent years, a limited number of nanoparticle personal samplers have been developed. Personal thermophoretic and electrostatic precipitators have been used to collect nanoparticles for subsequent electron microscopic analysis (e.g., Azong-Wara et al., 2009; Thayer et al., 2011) . Although morphology, size distribution and elemental composition can be determined, the nanoparticles collected by these precipitators are not sufficient for gravimetric or detailed chemical speciation. Using a series of two inertial filters for size separation, Furuuchi et al. (2010) have developed a relatively high-flow (6 L/min) personal sampler to collect particles with diameters less than 0.14 μm on filters for subsequent gravimetric analysis. Also with inertia filter, Hata et al. (2012) have described a modified Anderson cascade impactor capable to separate nanoparticles smaller than 0.07 μm at high-flow (28.3 L/min). More recently, Tsai et al. (2012) have developed a low-flow (2 L/min) nanoparticle personal sampler (PENS) for simultaneous collection of respirable particles and nanoparticles on filter substrates. As such, the PENS can be used to directly determine personal exposure to PM 4 and PM 0.1 , between which the latter is nearly complete lacking. In addition, it presents an alternative exposure assessment technique to that proposed for engineered TiO 2 by NIOSH (2011), in which the size distribution has to be determined by transmission electron microscopy.
The operating principles, design and calibration of the PENS have been described by Tsai et al. (2012) . According to the presented laboratory results, the PENS is able to sample solid or liquid PM 4 and PM 0.1 simultaneously with good accuracy. Nevertheless, the PENS has not been evaluated in the actual workplace settings. The selection of the metalworking industry as the study area is mainly because the metalworking operations produce various types (solids, fumes and mists) of nanoparticles and the elevated nanoparticle concentrations would ensure sufficient particles collected for gravimetric analysis. With that in mind, this study aims to evaluate the performance of the newly developed PENS and subsequently determine the exposure characteristics of respirable particles and nanoparticles during selected metalworking operations.
METHODS

Personal Samplers
Two types of personal sampler were used in this study, the newly developed personal nanoparticle sampler (PENS) and the SKC respirable dust aluminum cyclone (Cat. No. 225-01-02, SKC Inc., PA, USA). The operating principles, design and calibration of the PENS have been described by Tsai et al. (2012) . In brief, the PENS operates at a flow rate of 2 L/min using a constant-flow personal pump (AirChek XR5000, SKC Inc., PA, USA). It consists of three main parts: a respirable cyclone with the median cutoff aerodynamic diameter (d 50 ) of 4 μm, a rotating micro-orifice impactor with the d 50 of 0.1 μm, and an after-filter cassette. As a result, the 0.1-4 μm particles and nanoparticles (< 0.1 μm) are collected on the impaction plate and after-filter, respectively. According to Tsai et al. (2012) , the mass concentrations should be less than 1.8 and 3.3 mg/m 3 for the respirable particles and nanoparticles, respectively, to avoid the PENS from overloading and changes in d 50 . Furthermore, the nanoparticle mass concentrations should be above 2 μg/m 3 to ensure accurate gravimetric analysis. The SKC cyclone meets the ACGIH/ISO/CEN collection efficiency curve at 2.5 L/min as specified in NIOSH Method 0600, thereby serves as the reference method in this study. Its d 50 is 4 μm at the designated flow rate maintained by a constant-flow personal pump (Airchek PCXR4, SKC Inc., PA, USA). The respirable particles penetrating the SKC cyclone are collected with a filter cassette. In this study, the filter cassette was loaded with 37-mm PTFE filter (Teflo R2PL037, Pall Corp., NY, USA), whereas the impaction substrate of the PENS impactor was silicone-oil coated PTFE/aluminum filter. Before and after the sampling, the flow rates of the samplers were verified with a flow meter (tetraCal, BGI Inc., MA, USA). The average flow rates between the start and end of sampling for the PENS and SKC cyclone were 2.02 ± 0.05 and 2.51 ± 0.05 L/min, respectively.
Ambient Aerosol Spectrometer
The ambient particle number size distributions were measured with a sequential mobility particle sizer (SMPS; GRIMM Aerosol Technik, Gmbh, Germany, Model 5.500) (e.g., Heim et al., 2004) . The SMPS consists of an Am-241 neutralizer (Model 5.522), a medium Vienna-type differential mobility analyzer (M-DMA; Model 55-900) and a butanolbased condensation particle counter (CPC; Model 5.403). With the default set up, the inner electrode of the M-DMA is positively charged. The CPC has a 50% counting efficiency for particles as small as 0.0045 μm, with the saturator and condenser temperature of 40C and 15C, respectively. The SMPS was set to down-scan 1 min and 50 s from 10,000 V to 5 V plus a wait-time of 10 s, thus producing one average particle number size distribution every 2 min. The detectable aerosol mobility diameters ranged from 0.0055 to 0.3504 μm (44 size bins) with a sheath and sample flow of 3.0 and 0.3 L/min, respectively.
Metalworking Plants
Three metalworking plants were selected to characterize aerosol exposure during metal preparation and product fabrication, namely metal finishing, spot welding and metal milling. According to the nature of generated particles, the three operations nominally represent sources of three particle types: solid particles, metal fumes and oil-water mists, respectively. These aerosols provide different challenges to the samplers and spectrometer because, unlike oil mists, solid particles are more likely to bounce upon impaction, whereas metal fumes are known to exist in the form of agglomerates instead of individual spheres. Descriptions of the plants and operations are given below.
Metal Polishing and Buffing Plant
This workplace covers an area of approximately 10-m by 15-m, as part of a larger plant of 50-m by 90-m (Fig. 1) . The polishing and buffing involve workers using high-speed hand-held wheels to remove the surface imperfections off the steel-made car body parts and then buffing them to a smoother finish. Two to three grades of abrasives were used during the process, from coarse to fine ones, made of semifriable aluminum oxide and bonded by synthetic resin. The only engineering control measure was a local exhaust ventilation (LEV) hood that was positioned near the side of each worker at waist height. The dust control was rather ineffective because the hood was not placed in a position to receive polishing dusts on their projectiles. There were 6 workers during the day shift and all of them wore gloves, goggles and surgical facemasks.
Spot Welding Plant
This workplace covers an area of approximately 25-m by 50-m (Fig. 2) . The welding involves fixing multiple hexagonal nuts on aluminum engine oil pans. The weld is made by localized heating at the joint due to the resistance of base metal to the electric current flow. At this plant, there was no LEV system in place to control fume emissions but general ventilation aided by centralized supply air and pedestal fans. Instead, the ventilation was intended to control heat stress during the warm seasons. There were 28 workers operating the welding machines during the day shift and all of them wore gloves, goggles and activated-carbon facemasks.
Metal Milling Plant
This workplace covers an area of approximately 15-m by 25-m. The milling is part of a series of processes that machine aluminum alloy rods into camshafts for cars. During the process, water-mix metalworking fluid (MWF) is continuously sprayed onto the cutting interface to cool and lubricate and to wash away the metal debris. At this plant, the milling machines were operated manually and thus the workers were in close proximity to water-mix MWF mists. There was no LEV system in place to control mists but natural ventilation. There were 3 workers operating the milling machines during the day shift and all of them wear only surgical facemasks.
Sampling Strategy
The sampling strategy consists of workers' personal exposure measurements and fixed-location ambient air monitoring. The former specifically measures exposure in the worker's breathing zone, whereas the latter measures directly from the ambient air. In each plant, two workers (referred to as W1 and W2) at adjacent or nearby (distance within 3-5 m) workstation were selected for personal exposure measurement. In addition, a full-size mannequin (Mq) was placed statically as close as possible (within 1.5 m) to W1 to assess whether workers' movements would cause variations in the sampling results. The selection of workers was mainly constrained by the available room needed to set up the aerosol spectrometer. The W1, W2 and Mq each wore a pair of personal samplers (i.e., PENS and SKC side- by-side), attached to each side of the shirt collar. The aerosol spectrometer was placed as close as possible to the Mq (within 1.5 m), with the sampling inlet at a height of about 1.4 m. The sampling duration of the personal and ambient air measurements covered the complete day shift of 6-8 hours, from about 8:00 to 17:00. In between short and lunch breaks, the personal samplers were taken off from the workers and then placed back on when the work resumed. The entire sampling strategy was carried out twice, over two consecutive days (D1 and D2), for each metal processing plant. As a result, we collected a total of 18 pairs (PENS and SKC) of personal samples, in which 12 were from the workers and 6 from the mannequin, and 1,346 particle number size distributions during the study.
Sample and Data Analysis
The impaction substrates and filters were conditioned at temperature of 23 ± 3°C and relative humidity of 40 ± 5% for at least 24 hours before weighing in the filter weighing room. In addition, an ionizing air blower (Model CSD-0911, Meisei, Japan) was used to neutralize the electrostatic charge of the filters. The pre-and post-weighing were carried out using a microbalance with a precision of 1 μg (Model CP2P-F, Sartorius, Germany). Because of the additional particle size cut, the respirable particle mass concentrations measured by the PENS (PENS-PM 4 ) were determined by summing the mass concentrations of 0.1-4 μm particles (PENS-PM 0.1-4 ) and < 0.1 μm nanoparticles (PENS-PM 0.1 ). The respirable particles measured by SKC are hereafter denoted as SKC-PM 4 . In the present study, the SKC-PM 4 was used as the reference. Comparisons were made between the SKC-PM 4 and the corresponding PENS-PM 4 for examining the accuracy of PENS on collecting respirable particles in the field.
The number size distribution data obtained from the SMPS were first analyzed for outliers according to the quality control procedures proposed by Yu et al. (2004) . In specific, the total number concentrations (TC) and the coefficient of variation (CV) were computed for each measured size distribution. Then the log(TC) versus log(CV) were plotted to reveal potential abnormal size distributions that deviated largely away from the main cloud of observations. In this study, only very small numbers of collected aerosol data (< 0.15%) were identified as outliers that typically occurred at the beginning of the instrument set up. Those outliers were not included in the data analysis. Following, size-fractionated number concentrations of nanoparticles (0.0055-0.1 μm) and total particles (0.0055-0.3504 μm) were determined. These particle number concentrations hereafter are denoted as PN 0.1 and PN 0.35 , respectively. The average ratios of PN 0.1 to PN 0.35 were about 0.95 ± 0.03 during the work hours at the three metalworking plants. Unlike the respirable particles, there is currently no reference method for examining the accuracy of PENS on collecting nanoparticles in the field. In the present study, the measured particle number size distributions were used to calculate the nanoparticle volume concentrations (PV 0.1 ) assuming spherical particles with mobility diameters between 0.0055-0.1 μm. And by dividing the PENS-PM 0.1 with the corresponding PV 0.1 (DeCarlo et al., 2004) , the derived nanoparticle effective density (ρ eff ) was used as an indicator for assessing the accuracy of PENS on collecting nanoparticles in the field.
RESULTS AND DISCUSSION
Assessing the Performance of the PENS
The personal exposure levels of PM 4 and PM 0.1 during two consecutive sampling days (D1 and D2) for the metal polishing/buffing (P), spot welding (W) and milling (M) are given in Table 1 . The collected mass on the PENS impaction substrate and after-filter was in the range of 51.6-149.0 μg and 5.6-20.2 μg, respectively, whereas it was 70.7-179.0 μg for the SKC filters. As shown, the relative percentage difference (RPD) between the pairs of PENS-PM 4 and SKC-PM 4 ranged from -10.3% to 5.5%. The scatterplot of the pairs of PENS-PM 4 and SKC-PM 4 during the three metalworking operations is presented in Fig. 4 . Regardless of the operation type, all the pairs of PM 4 fall along and in close proximity to the 1:1 line. The linear regression with the slope = 1.02 and the R 2 = 0.98 indicates that, on average, the difference between the two is only 2%. Considering the SKC-PM 4 as the reference, this shows that the PENS-PM 4 are of considerably accuracy. The RPD of the PM 4 between the W1 and the adjacent, static Mq (i.e., no movements) ranged from -11.9% to 20.2%, indicating that the workers' movements during metalworking operations likely did not cause substantial variations in the sampling results. In laboratory tests using liquid oleic acid and micro-sized aluminum oxide, Tsai et al. (2012) showed that the PENS-PM 4 agree well with that measured by the micro orifice uniform deposit impactor (MOUDI) and the IOSH respirable cyclone with the R 2 = 0.97. Because the three metalworking operations produce different types of particles, as described earlier, this highlights that the PENS is capable to accurately determine the personal exposure to solid, aggregate and liquid respirable particles in the real workplace settings.
Unlike the respirable particles, there is currently no reference method for personal exposure measurements of nanoparticles. As a result, the aerosol spectrometer SMPS 9.5 9.1 4.2 7.5 3.8 *D1 and D2 refer to sampling day-1 and day-2, respectively; W1 and W2 refer to worker-1 and worker-2, respectively; Mq refers to the mannequin. **Relative percentage difference between SKC-PM 4 and PENS-PM 4 , defined as the difference divided by the average of the two. was placed within 1 m next to the Mq, intended to measure the particle number size distributions and subsequently derive other nanoparticle exposure metrics. Table 2 gives the measured daily averages of ambient nanoparticle number concentrations (PN 0.1 ), volume concentrations (PV 0.1 ), nanoto-total particle volume concentration ratios (PV 0.1 /PV 0.35 ) and derived nanoparticle effective density (ρ eff ) by the SMPS at a fixed-location during the three metalworking operations. The PV 0.1 and PV 0.35 were estimated assuming the measured particles were spheres, in which the PV 0.35 is the measured total particle volume concentration with an upper size limit of 0.35 μm. The ρ eff were determined using the ambient PV 0.1 and the PM 0.1 taken from the Mq. As shown, the ρ eff fall in the range of 0.94-3.51 g/cm 3 for the nanoparticles generated during the three metalworking operations. In the polishing and buffing operations, the nanoparticles could be formed by the combustion of the substrate or the volatilization of the materials at the grinding wheel (Zimmer and Maynard, 2002) . The bulk densities of the steel substrate and aluminum oxide grinding material are about 7.9 and 4 g/cm 3 , respectively. In the welding operation, the fumes were found to have bulk densities in the range of 3.4-5.9 g/cm 3 (Olander, 1985; Hewett, 1995) . In the milling operation, the water-mix MWF mist is likely to have a bulk density of about 1 g/cm 3 . Despite the potential uncertainties, the ratios of the expected bulk densities to the derived ρ eff are within a factor of 0.4-3.3, with the exception for the polishing particles on Day 1 (Polish-D1) with which the ratio was 8.4. If there were particle bounce, these ratios would be substantially smaller than unity because of the "additional" particle mass and hence overestimated ρ eff . On the other hand, the large ratios (> 2.3) for the solid metal particles and fume aggregates from polishing and welding, respectively, suggest that the particles were indeed nonspherical. This in turn indicates that the differences between the expected bulk density and ρ eff (i.e., large ratios) may be overestimated because the ρ eff , as expected, should be smaller than the bulk density for irregularly shaped particles. These results indicate that the PENS-PM 0.1 were within a reasonable range of estimated values, and there was little indication of particle bounce.
PENS-PM
Personal Exposure Levels of PM 4 and PM 0.1
The following exposure description is limited to the PENS results to avoid repetition because the differences are negligible between the PENS and SKC as shown previously. Table 1 shows that the average PM 4 during polishing and welding were similar of 122.0 and 129.5 μg/m 3 , respectively, and the PM 4 was lower of 87.9 μg/m 3 during milling. These observed PM 4 values are lower or comparable to that from earlier studies of similar metalworking operations. In a steel resistance spot welding area, Dasch and D'Arcy (2008) reported that the ambient average PM 2.5 was 250 μg/m 3 . Also, Elihn and Berg (2009) showed the ambient average PM 1 was 280 μg/m 3 during steel spot welding, in which there was good general ventilation but with other welding activities nearby. The PM 4 of 460 μg/m 3 in the breathing zone of a shielded metal arc welder has been reported by Stephenson et al. (2003) . More recently, a study of 215 welders showed the personally exposed median PM 4 was 1290 μg/m 3 during gas metal arc welding with solid wire, flux-cored wire, tungsten inert gas welding, and shielded metal arc welding (Lehnert et al., 2012) . A survey of occupational exposure to MWF in the engineering industry showed that the water-mix MWF mist in 298 measurements yielded a geometrical mean of 130 μg/m 3 (Simpson et al., 2003) . Among those measurements, they showed that milling produced lower concentrations of water-mix MWF mist with a geometric mean of 80 μg/m 3 , compared with drilling, grinding and sawing. In a personal exposure study, the average respirable dust of 780 μg/m 3 was measured in 10 metal workshops using water miscible WMFs (Suuronen et al., 2008) . Highest oil mist exposure has been reported for threading workers in fastener manufacturing industry (e.g., Hsu et al., 2012) . The PENS-PM 0.1 of 18.1 μg/m 3 was highest during welding, followed by that of 15.3 μg/m 3 during milling and lowest of 10.5 μg/m 3 during polishing. These PM 0.1 levels are considered quite high, given the very small sizes and hence mass of nanoparticles and in comparison to PM 0.1 levels of less than 5 μg/m 3 measured in urban and roadside air (e.g., Geller et al., 2002; Ning et al., 2007) .
Relationship and Exposure Variability of PM 4 and PM 0.1
The relationships between the PM 4 and its two mass fractions (i.e., PM 0.1-4 and PM 0.1 ) measured by the PENS during the three metalworking operations are shown in Fig. 5 . The linear regression between the PM 4 and PM 0.1-4 shows that, on average, 85 ± 1% of respirable particles was composed of particles in the size range of 0.1-4 μm, regardless of the operation types (R 2 = 0.95; Fig. 5(a) ). However, such strong linear relationship dropped considerably for that between the PM 4 and PM 0.1 (R 2 = 0.09, now shown). Interestingly, a closer examination shows that the above relationship changes with respect to the type of operation, i.e., operation-specific (Fig. 5(b) ). During polishing and welding, the linear relationships between the PM 4 and PM 0.1 dropped considerably to R 2 < 0.28. On the other hand, the PM 0.1 during milling were highly correlated with the PM 4 with the R 2 = 0.79. This indicates that when the formation mechanism of nanoparticles is different from that of larger particles (> 0.1 μm), the mass concentrations of the two types of particles could be unrelated. Such condition could be applicable to polishing and welding, where nanoparticles are formed via gas-to-particle conversion due to the high temperature involved, whereas larger particles are formed by mechanical attrition or welding spatter (Zimmer and Maynard, 2002; . In the contrary, the formation of nanoparticles as well as larger particles during milling is likely similar, both related to the mechanical breakup of the MWFs due to high shear forces.
The correlation coefficients (r) of the PENS-measured PM 4 and PM 0.1 between the workers (W1 and W2) and the mannequin (Mq) are given in Table 3 . It is important to note that the distances between W1 and W2 are within 3-5 m while between W1 and Mq are within 1.5 m. With respect to the PM 4 , the highest r of 0.95 was between the Mq and W1, followed by that of 0.85 between the Mq and W2 and the lowest of 0.79 between the W1 and W2. This shows that the r decreased with increasing distance to the W1. Similar trend was observed for the PM 0.1 , although the r values were higher (> 0.94) between the Mq and W1/W2 and the decrease of r from 0.98 to 0.64 was slightly larger. In general, this suggests that the respirable particles as well as the nanoparticles exhibit small spatial variability within a distance of about 3 m and thus small person-to-person exposure variability. For individual workers and the mannequin, the PM 4 however showed poor correlations (0.06-0.34) with the PM 0.1 , indicating that it is inappropriate to use the PM 4 as a surrogate for PM 0.1 and vice versa. Fig. 6 shows examples of the measured ambient particle number size distributions, total particle number concentrations (PN 0.35 ) and geometric mean diameters (GMD) during a work shift of metal polishing/buffing, spot welding and milling. The color contour plot clearly illustrates that all three metalworking operations produced considerably high levels of PN 0.35 , with the dominant GMD in the range of 10-30 nm. The sudden drops of PN 0.35 coincided with short and noon rest hours. In addition, there were significant differences in the PN 0.35 and the dominant GMD between work and rest hours. Contributing more than 95% of the PN 0.35 , the PN 0.1 during work and rest hours at the three workplaces are compared in Fig. 7 . The PN 0.1 were slightly lower in the range of 10 5 -10 6 cm -3 during polishing/buffing, whereas they were higher and comparable in the range of 10 5 -10 7 cm -3 during welding and milling. These levels during work hours were 1-2 orders of magnitude higher than that of 10 4 -10 5 cm -3 during rest hours. The GMD for metal polishing/buffing were mostly in the range of 0.02-0.03 μm, whereas they were in the range of 0.01-0.02 μm for welding and milling. These results show that mechanical processes such as polishing/buffing and even milling are capable to produce high levels of PN 0.1 , consistent with earlier studies. For example, Zimmer and Maynard (2002) showed that high-speed hand-held grinding of steel substrate yielded an average PN 0.1 of 8.0 × 10 4 cm -3 and count median diameter of 0.01 μm. Similarly, earlier studies have found grinding activities can significant impact the ambient particle number concentration (Brouwer et al., 2004; Elihn and Berg, 2009) . The PN 0.1 levels for spot welding are comparable to that observed for gas metal and flux cored arc welding, but the particle mode diameters are considerably smaller than the prominent particle mode diameters between 0.1-0.36 μm during the latter two welding operations (Zimmer and Biswas, 2001; Lee et al., 2006; Lehnert et al., 2012) . (a) Fig. 5 . Relationships between the respirable particles (PM 4 ) and (a) 0.1-4 μm particle (PM 0.1-4 ), and (b) nanoparticle (PM 0.1 ) mass concentrations measured by the PENS personal samplers at the three metalworking plants. 
Ambient Nanoparticle Number Concentration and Size Distribution
PENS-PM
Relationship between Personal and Fixed-Location Sampling
The relationships between the ambient nanoparticle exposure metrics and the PENS-PM 0.1 are shown in Table 4 . As shown, the personal exposure to PM 0.1 was strongly correlated with the ambient PN 0.1 (r = 0.81). However, the correlation between the PM 0.1 and PV 0.1 dropped significantly to r = 0.49. The former suggests that the nanoparticles were generally of similar sizes, consistent with the dominant particle modes of GMD observed between 10-30 nm (Fig. 7) , and the latter indicates that the assumption of spherical particle shape is inaccurate. This may be especially true for welding fumes that typically exist as aggregates; unfortunately, the limited number of personal samples did not allow us to analyze the data separately for different types of particles. In addition, the discrepancy between instruments is expected because the PENS classifies particles based on their aerodynamic properties whereas the SMPS based on electrical mobility. After normalizing the PV 0.1 with respect to PV 0.35 , the correlation between the particle volume ratio (i.e., PV 0.1 /PV 0.35 ) and the PM 0.1 improved to r = 0.68. The correlation shows that the relative amount of PV 0.1 , as opposed to the absolute amount, is moderately correlated with the PM 0.1 . This again indicates that the PENS-PM 0.1 are Fig. 6 . Examples of the measured ambient particle number size distributions, total particle number concentrations (PN 0.35 ) and geometric mean diameters (GMD) during metal (a) polishing, (b) welding and (c) milling. in a reasonable range of estimated values, consistent with the ρ eff results. Overall, the above results imply that, in the case when the nanoparticles dominate the ambient particle number, the nanoparticle number concentration could give a reasonable estimate of the nanoparticle mass concentration.
CONCLUSIONS
This study deployed and evaluated a newly developed personal nanoparticle sampler (PENS) to simultaneously assess personal exposure to respirable particles and nanoparticles during three metalworking operations. The PENS measured PM 4 showed remarkable consistency and accuracy with that measured by the conventional SKC respirable dust aluminum cyclone regardless of the particle types under study. Using the PM 0.1 and estimated nanoparticle volume concentration (PV 0.1 ) by a collocated aerosol spectrometer, the derived nanoparticle effective densities are in a reasonable range of expected values. Accordingly, these results suggest that the PENS is capable to accurately determine personal exposure to solid, aggregate and liquid respirable particles and also provide a reasonable estimate of the personal exposure to nanoparticles in the actual workplace settings.
The PM 4 , as expected, are strongly correlated with the PM 0.1-4 but poorly with the PM 0.1 . However, a closer examination shows that their relationships could improve when assessed on the basis of individual operations. For example, the PM 0.1 correlated strongly with the PM 4 during milling, but not so during polishing/buffing and spot welding. The relationship between PM 4 and PM 0.1 therefore depends on the operation types, or more accurately the formation mechanisms of 0.1-4 μm respirable particles and nanoparticles. Different mechanisms would likely lead to poor relationship. On the other hand, the moderate to strong correlations of PM 4 and PM 0.1 between workers suggest that the respirable and nanoparticles exhibit small spatial variability within a distance of about 3 m. For individual workers and the mannequin, the PM 4 however showed poor correlations with the PM 0.1 , indicating that it is inappropriate to use the PM 4 as a surrogate for PM 0.1 and vice versa. To the contrary, the ambient PN 0.1 from collocated aerosol spectrometer appears to be a better surrogate for PM 0.1 than the PV 0.1 and PV 0.1 /PV 0.35 . The strong correlation between PM 0.1 and PN 0.1 is mainly due to the persistent nanoparticle mode sizes and elevated concentrations formed during the metal polishing/buffing, welding and milling. With that being said, it is important to note that our observations may not hold true universally, especially in the cases where there are various nanoparticle emission sources and/or process-generated nanoparticles vary largely across sizes and concentrations.
